Objective: Recently, we observed that the specialized proresolving mediator (SPM) entity resolvin D1 activates lipoxin A 4 /formyl peptide receptor 2 (ALX/FPR2), which facilitates cardiac healing and persistent inflammation is a hallmark of impaired cardiac repair in aging. Splenic leukocytedirected SPMs are essential for the safe clearance of inflammation and cardiac repair after injury; however, the target of SPMs remains undefined in cardiac healing and repair. Methods: To define the mechanistic basis of ALX/FPR2 as a resolvin D1 target, ALX/FPR2-null mice were examined extensively. The systolicdiastolic heart function was assessed using echocardiography, leukocytes were phenotyped using flow cytometry, and SPMs were quantitated using mass spectrometry. The presence of cardiorenal syndrome was validated using histology and renal markers. Results: Lack of ALX/FPR2 led to the development of spontaneous obesity and diastolic dysfunction with reduced survival with aging. After cardiac injury, ALX/FPR2 À/À mice showed lower expression of lipoxygenases (À5, À12, À15) and a reduction in SPMs in the infarcted left ventricle and spleen, indicating nonresolving inflammation. Reduced SPM levels in the infarcted heart and spleen are suggestive of impaired cross-talk between the injured heart and splenic leukocytes, which are required for the resolution of inflammation. In contrast, cyclooxygenases (À1 and À2) were over amplified in the infarcted heart. Together, these results suggest interorgan signaling in which the spleen acts as both an SPM biosynthesizer and supplier in acute heart failure. ALX/FPR2 dysfunction magnified obesogenic cardiomyopathy and renal inflammation ([NGAL, [CCL2, with elevated plasma creatinine levels in aging mice. At the cellular level, ALX/FPR2 À/À mice showed impairment of macrophage phagocytic function ex-vivo with expansion of neutrophils after myocardial infarction. Conclusions: Lack of ALX/FPR2 induced obesity, reduced the life span, amplified leukocyte dysfunction, and facilitated profound interorgan nonresolving inflammation. Our study shows the integrative and indispensable role of ALX/FPR2 in lipid metabolism, cardiac inflammatione resolution processes, obesogenic aging, and renal homeostasis.
INTRODUCTION
Persistent inflammation is a hallmark of coronary heart disease, especially in aging patients suffering from obesity and heart failure (HF) [1, 2] . Since more than 70% of US patients are classified as overweight or obese, whether or not obesogenic aging drives nonresolving inflammation in HF remains an area of interest [1, 3] . There are discrepancies in the context of the age-related obesity paradox and inflammation-resolution targets [1, 4] . After cardiac injury, the identification of novel targets that regulate the inflammation and resolution cascade is critical to limit system-wide inflammation in HF [1, 2] . In response to ischemia, the splenic leukocytes biosynthesize specialized proresolving mediators (SPMs) to facilitate cardiac healing; however, obesogenic aging drives nonresolving inflammation [5] . Ischemiainduced cardiac injury promotes both splenocardiac feedback signaling and cardiorenal feed-forward inflammation [6] . HF is considered a single pathology in rodent studies, but in clinical settings, it is considered an integrative and multifactorial syndrome, often superimposed on aging. Therefore, pathways targeting resolution sensors of inflammation remain an area of interest in order to delay HF postemyocardial infarction (MI) [7] . Lipoxin A 4 receptor (ALX)/formyl peptide receptor 2 (hereafter called FPR2) is a resolution sensor that plays a pivotal role in inflammation.
implication of FPR2 in atherosclerosis and early leukocyte recruitment after tissue injury [8e13]. However, the comprehensive role of FPR2 in cardiac repair and the inflammationeresolution processes is incomplete. Endogenous peptide annexin A1 (Ac2-26), bioactive lipids resolvin D1 (RvD1), and aspirin-triggered lipoxin (AT-LXA 4 ) activate FPR2 to facilitate resolution of inflammation [9, 14, 15] . FPR2 is highly expressed in the myeloid cell population and is activated by RvD1 at the spleen and infarcted site to expedite resolution after cardiac injury [15] . Recent studies defined the role of FPR2 in adaptive immunity as a connector between inflammation-resolution signals and B-cell biology [16, 17] . FPR2 enables activated immune cells to be mobilized from the bone marrow to the injured organ, facilitating the ability to transform from physiological inflammation to resolution [10,16,18e20 ]. In the present study, we provide a comprehensive evaluation of the system-wide integrative role of FPR2, including its impact on survival, structure, and function of cardiometabolic and renal syndromes. Lack of FPR2 in male mice stimulated the development of early-onset, agerelated obesity with reduced survival. We examined the pathological outcome in the context of (1) the cardiorenal syndrome in aging; (2) the cardiometabolic syndrome, which presents the predominant risk factors in cardiac diseases; and (3) the splenocardiac axis in acute HF to define the role of FPR2 in inflammation and resolution after MI. The current results indicate that aging drives overactivation of cyclooxygenases (COXs), leading to heart dysfunction and cardiorenal and cardiometabolic defects in aging-prone FPR2 À/À mice. After cardiac injury, the number of resolving Ly6C low macrophages was decreased, amplifying unresolved inflammation with numerical expansion of neutrophils at the site of injury, because of the diminished biosynthesis of SPMs in FPR2 À/À mice. Thus, FPR2 serves as a key resolution sensor for heart function, renal homeostasis, and lipid metabolism in cardiovascular physiology.
METHODS
Expanded methods and details of metabolipidomics are included in the supplementary section.
Animal care and compliance
All animal surgical procedures and treatments were conducted according to the "Guide for the Care and Use of Laboratory Animals" (8th edition, 2011) and the AVMA Guidelines for the Euthanasia of Animals (2013 edition) and were approved by the Institutional Animal Care and Use Committees at the University of Alabama at Birmingham, USA.
Human samples
Human heart tissue samples were used in compliance with the policy approved by the institutional review board at the University of Alabama at Birmingham, USA.
2.3. Generation of the ALX/FPR2 À/À mouse FPR2 À/À mice were generated by homologous recombination of Cremediated excision in embryonic stem cells. Eight-to twelve-week old FPR2 gene locus knock-out mice homozygous on C57BL/6J background were obtained from Idorsia Pharmaceuticals Ltd, Switzerland (formerly known as Actelion Pharmaceuticals Ltd).
Flow cytometry
Single mononuclear cells were isolated from the spleen and left ventricle (LV) of wild-type (WT) and FPR2 À/À mice and analyzed by flow cytometry as reported previously (FACs strategy Supplementary Figure 10 ) [21, 22] .
Statistical analysis
Data are expressed as mean and SEM. Statistical analyses were performed using GraphPad Prism 8. KaplaneMeier survival test was used to analyze survival curves. One-way analysis of variance (ANOVA) or two-way ANOVA followed by NewmaneKeuls post hoc test was used for multiple comparisons between d0, post-MI d1, and d5 or between 2-and 7-month controls and FPR2 groups, respectively. p < 0.05 was considered as statistically significant.
RESULTS

Human ischemic myocardium activated FPR2 expression, and mice FPR2 dysfunction induced obesity and shortened the life span
To define the integrative role of the FPR2 with regard to human ischemia pathology, we investigated three main themes ( Figure 1A , study design). First, we determined the expression and location of the FPR2 protein in the human ischemic myocardium. Immunofluorescence and immunoblot analysis revealed the presence of FPR2 in the human heart ( Figure 1B ). In humans, FPR2 expression appears to be translocated to the cytoplasm (green and white arrows) in the ischemic myocardium when compared with healthy human myocardium, in which FPR2 is limited to the cell membrane (green and white arrows, Figure 1BeD ; human demographics provided in Supplemental Table 1 and Supplementary Figure 1 ). Since FPR2 is plentiful in the human ischemic heart, the precise and comprehensive role of this resolution receptor has been expanded using FPR2 À/À mice. First, we validated the genotype of homozygote FPR2 À/À mice using polymerase chain reaction (PCR)ebased genotyping, which confirmed FPR2 deletion by the presence of the 0.6-kb band in FPR2 À/À mice compared with WT ( Figure 1E ; Supplementary Figure 2A ). Next, to further validate FPR2 deletion in different tissues, FPR2 mRNA expression was determined in lung, spleen, liver, heart, kidney, and adipose tissue. Real-time PCR data showed the considerable expression of FPR2 in WT lung tissue and confirmed the absence of FPR2 in all six of the previously mentioned organs ( Figure 1F ). The FPR2 À/À mice showed amplified, age-related body weight ( Figure 1G ). Therefore, obesogenic aging was validated using quantitative magnetic resonance imaging, which determined body composition such as lean mass, fat mass, and water content ( Figure 1HeJ ). Both WT and FPR2 À/À male mice showed a 30% increase in lean mass from 2 to 7 months ( Figure 1H ). At 2 months, there was no significant difference in the overall fat mass between FPR2 À/À and WT mice; however, at 7 months, FPR2 À/À mice had a 92% increase in the fat mass in comparison with respective age-matched WT mice ( Figure 1I ). There was no difference in water content between the two groups ( Figure 1J ). To determine the cause of obesity in FPR2 À/À mice, indirect calorimetry was performed at 4 months. The weight gain of FPR2 À/À mice correlated with a 24% (p < 0.05) increase in food intake compared with WT mice, suggesting that in FPR2 À/À mice, obesity could be associated with hyperphagia ( Figure 1K ). FPR2 is a primary resolution sensor for the safe clearance of inflammation, and its deletion induced sex-specific age-related obesity and increased mortality, so we determined the role of FPR2 in the life span, cardiorenal syndrome in aging, and after cardiac injury using FPR2 À/À male mice. Sex-specific life span analyses showed that FPR2 À/À male mice died within 10 months, while FPR2 À/À female mice seemed to be more resistant to obesity and displayed only 10% mortality within the same time frame ( Supplementary Figure 3 ). Survival analyses show that the median life span of FPR2 À/À mice male was 6.2 months. Similarly, the maximal life span was significantly lower (w60%, 7.46 months) compared with control mice, which are considered to live until 24e36 months (Supplemental Table 2 ). FPR2 À/À male mice developed obesity with shortened survival when compared with their FPR2 À/À female counterparts; therefore, further experiments were performed using only male mice. Our results suggest that FPR2 expression is activated in the human ischemic myocardium and that the lack of FPR2 shortens the life span in male mice with the development of agerelated obesity.
Absence of FPR2 impaired myocardium strain and promoted obesity-induced diastolic dysfunction
Because the FPR2 deletion in mice increased fat mass accumulation from an early age ( Figure 1I ), we measured age-associated cardiac function to gain insight into whether obesity superimposed on aging affected cardiac function. Echocardiography measurement of WT and (F) mRNA expression of FPR2 in the lung, spleen, liver, LV, kidney, and fat from WT and FPR2 À/À male mice (n ¼ 8 mice/group; *p < 0.05 vs control group). Body weight and quantitative magnetic resonance imaging (QMRI) data from WT and FPR2 À/À mice at 2 and 7 months representing (G, H) body weight and lean mass. (I, J) Fat mass and water mass. *p < 0.001 vs. WT. WT at 2 months, n ¼ 13; WT at 7 months, n ¼ 6; FPR2 À/À at 2 months, n ¼ 12; FPR2 À/À at 7 months, n ¼ 6.
(K) Bar graph showing amplified food intake in FPR2 À/À mice compared with WT mice (n ¼ 4/group).
FPR2 À/À mice at 2 and 7 months using B-mode speckle tracking, longitudinal three-dimensional (3D) strain, and synchronicity revealed dynamic changes in the LV with increased end-diastolic volume (91 AE 8 mL and end-systolic volume (43 AE 5 mL) in FPR2 À/À mice at 7 months compared with age-matched WT controls (end-diastolic volume: 63 AE 6 mL; end-systolic volume: 28 AE 5 mL; Supplemental   Tables 3AeB). Both 2-and 7-month-old FPR2 À/À mice LV images of the B-mode long axis showed shortened green vectors and decreased in myocardial strain, indicative of LV dysfunction (Figure 2A ; LV arrested in mid-systole). Heart dyssynchrony began at 2 months in the mid-anterior and apex (yellow and magenta line) in FPR2 À/À mice and was further amplified at 7 months of age. In addition, cardiac dysfunction in 7-month-old FPR2 À/À mice increased with progressive dyssynchrony in the anterior base (dark blue), mid-anterior (yellow), and posterior base (green) compared with age-matched WT controls.
The presented results show that FPR2 deletion advanced LV dysfunction with marked impairment in myocardium strain and synchronicity as well as signs of LV age-related structural pathology (Supplementary Figure 2B ). We further investigated whether the development of age-related cardiomyopathy of obesity advanced to heart diastolic and strain dysfunction since the systolic functional marker ejection fraction (EF%) showed limited changes in FPR2 À/À mice compared with WT mice ( Figure 2B ). Global longitudinal strain (GLS) is considered the standard measurement in HF patients [23] . In FPR2 À/À mice, the GLS was increased by 3% at 2 months and 12% at 7 months compared with WT controls, which remained relatively unchanged from 2 to 7 months ( Figure 2C ). As shown in 3D strain images, the GLS of FPR2 À/À mice shifted toward the positive (red), suggestive of systolic dysfunction, compared with the age-matched WT controls (Figure 2A ,C). To assess diastolic function, mitral inflow Doppler velocity ratios (E/A, E 0 /A') in FPR2 À/À and WT mice were determined using tissue Doppler echocardiography. Doppler data suggested a limited decrease of E/A but significant decrease of E 0 /A' ratios in FPR2 À/À mice at 7 months compared with age-matched WT controls ( Figure 2DeE ). Doppler mode images of FPR2 À/À mice exhibited an irregular diastolic septal annular wall motion, indicative of diastolic dysfunction at both 2 and 7 months compared with age-matched WT controls ( Figure 2F ). Thus, lack of FPR2 impaired myocardium strain and showed signs of cardiomyopathy in obesity with advanced diastolic dysfunction when obesity was superimposed on aging.
FPR2 deletion leads to obesity-induced cardiac aging with the implication of the integrin signaling pathway
Since FPR2 dysfunction drives obesogenic aging and diastolic dysfunction, we assessed whether obesity and aging affected the extracellular matrix (ECM) scaffold. ECM is an important determinant of the structural integrity of the myocardium and actively participates in force transmission across the LV wall. We quantified a panel of 84 ECM remodeling and adhesion genes in the LV of 7-month-old FPR2 À/À mice and age-matched WT controls ( Supplementary Figure 4 ). Of the total 84 genes, 45 were modulated in FPR2 À/À 7-month-old mice compared with WT mice ( Figure 3A ). The 23 genes were upregulated while 15 genes were downregulated in FPR2 À/À aging LV compared with the age-matched WT mice. Particularly, integrin-a L (itgal, 6.22fold, p < 0.01) and matrix metallopeptidase (MMP) mRNA expression were increased in aging FPR2 À/À mice compared with WT mice, whereas endogenous MMP inhibitors such as Timp1 and disintegrins, such as Adamts1 and Adamts2, were decreased ( Figure 3B ,C). The Panther pathway analysis demonstrated that 7 different signaling pathways were highly affected in FPR2 À/À aging mice compared with age-matched WT controls. The pie chart distribution showed that a significant number of genes were in favor of the integrin signaling pathway and were disrupted by FPR2 deletion ( Figure 3D ). To examine whether obesity with aging drives cardiac inflammation in FPR2 À/À mice, the expression of COXs (COX-1, -2) and arachidonate lipoxygenases (LOXs: ALOX-5, -12, -15) was quantified in the LV at 2 and 7 months in FPR2 À/À and WT mice. In concordance with inflamed LV ECM data, we found that deletion of FPR2 dysregulated immuneresponsive LOX and COX enzymes. FPR2 deletion decreased the levels of LOXs at 2 months. We noted significant decreases in the levels of ALOX-12 (À0.5 fold) and ALOX-15 (À0.3 fold; Figure 3EeG ). Of note, FPR2 deletion overamplified LV proinflammatory COXs, with a 1.21-fold and 5.5-fold increase in COX-1 and COX-2 compared with age-matched WT controls at 7 months ( Figure 3HeI ). Together, these results indicate that obese aging drives cardiac inflammation with marked activation of immune-responsive COXs, deactivation of LOXs, and dysregulation of ECM signaling, which leads to low-grade chronic inflammation in FPR2 À/À mice.
FPR2 deletion advanced age-related renal inflammation and fibrosis
Deletion of FPR2 induced obesity and impaired cardiac strain and advanced diastolic dysfunction with signs of advanced cardiac aging. We further evaluated whether FPR2 deletion leads to cardiorenal inflammation in aging mice. We evaluated the markers of inflammation in the LV of 2-month-old and 7-month-old FPR2 À/À and WT agematched control mice. mRNA expression of proinflammatory markers CCL-2 (30-fold; Figure 4A ), IL-1b (1.26-fold; Figure 4B ), and TNF-a (0.51-fold; Figure 4C ) were significantly upregulated at 7 months in the LV of FPR2 À/À mice compared with the WT mice, showing signs of cardiac inflammation. These data led us to examine whether FPR2 deletion induced age-related renal inflammation. The kidneys of FPR2 À/À mice revealed progressive inflammation compared with WT mice, which was confirmed by periodic acideSchiff staining ( Figure 4D ), nephrin staining (Supplementary Figure 5D ), and plasma creatinine, a kidney injury biomarker ( Figure 4E ). The kidney injury markers, such as NGAL, were increased at an early age in FPR2 mice, which is suggestive of inflamed kidneys. In correlation with these results, at 7 months, FPR2 À/À mice upregulated the mRNA expression of NGAL (10-fold; Figure 4F ), KIM-1, and IL-1b (1.2-and 8-fold, respectively; Supplementary Figure 5EeF ) compared with WT mice. Furthermore, aging FPR2 À/À mice showed an increase in fibrosis in the cortex compared with WT mice (Figure 4GeH ). We assessed the kidney structural markers by immunofluorescence using WGA, vimentin, and NGAL (Figure 4IeK ). The results were indicative of elevated chronic kidney injury. FPR2 deletion increased CCL2 (7.3-fold; Figure 4L ) IL-1b (2-fold; Figure 4M) , and TNF-a (1.2-fold; Figure 4N ) expression in the kidney at 7 months of age, indicating obesitymediated renal syndrome in FPR2 À/À aging mice. We further assessed whether FPR2 deletion contributes to nonresolving renal inflammation in cardiac injury. The upregulation of a kidney-specific injury marker, NGAL protein expression in FPR2 À/À mice confirmed renal inflammation at day 1 and 5 after MI (Supplementary Figure 5A) . Our results demonstrated that FPR2 dysfunction induced an integrative and systemic inflammatory and fibrotic response in obesogenic aging.
Deletion of FPR2 deactivated LOXs and overactivated
COXs with lowered SPMs in the infarcted LV after MI FPR2 deletion amplified inflammation with aging as indicated by an increase in COXs and proinflammatory cytokines in the LV without any injury. Therefore, we aimed to determine the mechanism of FPR2mediated defective cardiac healing after MI. After ischemic injury, splenic leukocytes mobilize to the infarcted myocardium to biosynthesize SPMs and facilitate clearance of deceased myocytes [24] . The SPM metabolome was determined in infarcted LV after MI using mass spectrometry. After MI, successful infarction of the LV was confirmed using echocardiography. Both FPR2 À/À and WT mice showed an EF <20%, indicative of acute decompensated HF post-MI. The LV posterior wall thinning was confirmed using histology ( Supplementary Figure 6AeB ; Supplemental Table 3A ). The overall percentage of SPMs was lower (30%) in the FPR2 À/À mice compared with the WT mice, which had 70% of SPMs in the total distribution ( Figure 5A ). Detailed analysis of arachidonic acid (AA), docosahexaenoic acid (DHA), and eicosapentaenoic acid (EPA) revealed lower levels of fatty acids along with their respective metabolites ( Figure 5B,  Supplementary Figure 7AeC ). The DHA metabolome displayed a significant decrease in resolvins, specifically RvD1, RvD4, MaR2, and AA-derived LXA 4 in the infarcted LV of FPR2 À/À mice compared with WT mice (Figure 5CeI , Supplemental Table 4 ). The mRNA levels of SPMs biosynthesizing LOXs enzymes ALOX15 and ALOX5 were decreased in the infarcted LV compared with WT, which is consistent with the downregulation of SPMs (Figure 5JeK ). COX-mediated prostaglandins and thromboxane were significantly lower in FPR2 À/ À infarcted LV; however, the mRNA levels of both COXs (COX-1 and COX-2) were higher in the infarcted LV of FPR2 À/À compared with WT mice, suggesting failed initiation of the inflammatory-resolving response after cardiac injury (Figure 5LeM ).
Dysfunction of FPR2 lowered SPMs with impaired splenocardiac deactivation
Splenic monocyte-derived macrophages are a major contributor in the biosynthesis of SPMs following cardiac injury [25] . Asplenic patients show increased MI events and mortality from ischemic heart disease [26] ; therefore, we quantitated leukocytes from the post-MI spleen and LV to determine macrophage-neutrophil populations and diversity. We quantitated the SPM resolution metabolome in spleen before MI. Similar to infarcted LV, results of the SPM metabolome analyses in the spleen revealed lower SPMs in FPR2 À/À (38%) compared with WT, which displayed 62% of SPMs in total distribution pre-MI ( Figure 6A ). We delineated the detailed analysis of essential fatty acids (AA, DHA, and EPA) and quantified their mediators to define the cardiometabolic defects ( Figure 6B ). There was no change in DHA levels, but AA and EPA levels were lower in the FPR2 À/À spleen compared with the WT Figure 8AeC ). FPR2 À/À mice showed lower splenic mRNA expression of LOXs (À5, À12, À15) and amplified COXs (À1 and À2) ( Figure 6CeD ). The detailed quantitation of the spleen AA metabolome showed AA-derived LOXs-directed bioactive mediators (AT-LXA 4 , LXA 4 , 5S,12S-diHETE, LTB 4 , 5-HETE, 15-HETE, and 12-HETE) were relatively lower in FPR2 À/À mice compared with WT. In contrast, despite higher COX expression, no change was observed in COX-derived mediators (PGF 2a , PGD 2 , and PGE 2, TXB 2 ) in FPR2 À/À mice compared with WT ( Figure 6B , Supplemental Table 4 ). Although DHA levels remained unchanged in the FPR2 À/À spleen compared with WT, the DHA-derived bioactive mediators 4-, 7-, 14-, and 17-HDHA (hydroxydocosahexaenoic acid) were lower in the FPR2 À/À spleen compared with the WT spleen ( Supplementary  Figure 8AeB ). The overall EPA levels were decreased in the FPR2 À/ À spleen compared with the WT spleen ( Supplementary Figure 8AeC ).
mice (Supplementary
Together, quantitative analyses of resolution metabolome pre-MI suggested lower SPMs in FPR2 À/À mice spleens compared with WT spleens with minimal influence on SPM precursor fatty acids.
FPR2 agonist resolvin D1 failed to activate macrophages, indicating nonresolving inflammation in resolution sensoredeficient mice
Since FPR2 À/À mice showed lower SPMs in spleen before MI and in the infarcted LV after MI, we investigated the functional capacity of macrophages to determine the mechanism of nonresolving inflammation. As proresolving lipid agonists, resolvins are ligands that allow FPR2 to initiate the resolving response. To validate whether resolvin D1 (RvD1) operates in the absence of FPR2, we isolated peritoneal macrophages from WT and FPR2 À/À mice and then sensitized macrophages with RvD1 treatment. RvD1 activated FPR2 in WT macrophages, suggestive of agonist action. This was demonstrated by an increase in FPR2 expression and translocation to the cytoplasm (purple), which is essential for pharmacological activity ( Figure 6E ). The nonactivation of the resolution sensor in FPR2 À/ À macrophages further confirmed FPR2 deletion ( Figure 6E ). The macrophage phenotype was confirmed using an F4/80 marker (green). We further stimulated WT and FPR2 À/À peritoneal macrophages with lipopolysaccharide (LPS) and RvD1 to study proinflammatory and proresolving responses. Either proinflammatory (LPS)e or proresolving (RvD1)etreated macrophages from FPR2 À/À mice failed to activate TNF-a and IL-1b cytokines compared with both unstimulated FPR2 À/À and WT macrophages ( Figure 6F ). Macrophages isolated from FPR2 À/À mice showed lower mRNA expression of proresolving genes MRC-1 and ARG-1 when compared with WT control ( Figure 6F ). Macrophage function was assessed by evaluating their ability to phagocytose Escherichia coli (red) ex vivo. The isolated peritoneal macrophages from FPR2 À/À mice delayed the beginning of the phagocytic response when compared with WT macrophages. The WT macrophage phagocytosis started at the 15minute time point, whereas the FPR2 À/À macrophage activity began at the 30-minute time point, indicative of a deferred activation of the phagocytic process ( Supplementary Figure 9AeB ). FPR2 À/À macrophages failed to activate the initial cytokine response in the presence of the proinflammatory/proresolving stimulus, thereby delaying the response to pyrogenic inflammation and further showing the defective phagocytosis process of E. coli. 
Resolution sensor FPR2 deletion triggered splenocardiac nonresolving inflammation
Splenic leukocyte-directed SPMs biosynthesis is essential for cardiac healing, and FPR2 À/À mice displayed lower levels of SPMs in the spleen prior to MI and in the infarcted LV post-MI. In humans, asplenic patients show amplified MI events and mortality from ischemic heart disease [26] . Therefore, we quantitated leukocytes from the spleen and LV post-MI in FPR2 À/À mice to determine the macrophageneutrophil population and their diversity [24] . A detailed flow cytometry gating strategy is provided in Supplementary Figure 10 ). After cardiac injury, splenic leukocyte activation is the first step for resolution of inflammation. Flow cytometry data showed that there was no difference in splenic and the LV percentage population of monocytes (CD45 þ /CD11b þ ) between WT and FPR2 À/À mice after MI. Of note, FPR2 À/À mice showed higher CD11b expression compared with WT in both spleen and LV post-MI (Figure 7AeD ). The neutrophils are the first phagocytic responder in cardiac injury [5] . The splenic and LV neutrophil population (Ly6G þ ) was significantly higher in FPR2 À/À mice compared with WT post-MI. The splenic Ly6G þ cells showed 0.75 AE 0.3% in FPR2 À/À mice compared with WT, which displayed 0.65 AE 0.03%. (Figure 7E ). The infarcted LV Ly6G þ population was 10.02 AE 2.4% in FPR2 À/À mice compared with 4.7 AE 0.3% in WT mice post-MI ( Figure 7F ). Of note, LV-Ly6G þ expression was lower in FPR2 À/À mice compared with WT mice, indicating the presence of immature neutrophils ( Figure 7H ). Macrophages primarily biosynthesize SPMs in cardiac healing and facilitate clearance of inflammation. The macrophage cell population (CD45 þ CD11b þ F4/ 80 þ ) and expression were similar in both the LV and spleen of WT and FPR2 À/À mice post-MI (Figure 7IeL ). Because the macrophage population was unaffected after MI, we further categorized them based on Ly6C low and Ly6C high expression. FPR2 À/À mice had significantly decreased reparative Ly6C low macrophages in both the spleen (1.33 AE 0.03%) and LV (5.53 AE 1.58%) compared with WT (spleen: 1.89 AE 0.16%; LV: 9.52 AE 1.07%; Figure 7MeP ). Thus, deletion of FPR2 impaired timely activation of splenocardiac monocytes and macrophages, indicative of a dysregulated inflammation-resolution response in acute, decompensated HF post-MI.
DISCUSSION
The role of FPR2 in platelet biology and atherosclerosis has been reported previously [25, 27] . The current study identified the integrative and interorgan link of FPR2 in obesogenic cardiac aging. This study also highlights that FPR2 dysfunction impaired SPM levels in the spleen pre-MI and lowered SPM levels in the infarcted LV post-MI. We used a series of novel and quantitative approaches that uncovered the following: (1) a lack of FPR2 led to age-associated cardiometabolic stress and diastolic dysfunction of the heart, (2) deletion of FPR2 magnified age-related inflammation and renal syndrome with modulation in the integrin signaling pathway, and (3) the absence of the resolution sensor FPR2 showed a splenocardiac resolution deficit in the infarcted myocardium in acute HF post-MI. Based on these observations, our study highlighted the critical role of the resolution sensor FPR2 in age-related cardiac dysfunction and the molecular mechanism of defective resolution in acute HF (Figure 8 ).
FPR2 is essential for health and survival
In cardiovascular medicine discovery, survival is the hard endpoint that testifies to the therapy's value in humans. In the present report, obesity superimposed on aging advances to cardiometabolic syndrome with cardiac dysfunction of FPR2 mice, which is analogous to the main risk factor of obesogenic aging in humans. From an early age, the FPR2 À/À mice began to accumulate fat mass with signs of obesity. With this obesity phenotype, the degree of the age-related metabolic disorder was confirmed using a life span assessment, which is relatively expensive and unfeasible in humans. The presented results indicate that the survival was sex specific, with significantly different survival rates observed in male and female FPR2 À/À mice compared with agematched WT male and female mice. Similar to diet-induced obesity in male C57BL/6J mice, FPR2 À/À male mice are prone to obesity with impaired survival, which is suggestive of amplified multiorgan inflammation [28, 29] . To our knowledge, this is the first comprehensive report that has determined the life span in FPR2 À/À mice and reinforced obesity as one of the most common, noncommunicable diseases worldwide that affect cardiac function. The obesity-induced impairment of myocardium strain and diastolic dysfunction were readily apparent in both young and aging groups as compared with limited changes in systolic function. Obesity-induced cardiac dysfunction and signs of nonresolving inflammation in FPR2 À/À mice qualify this as a "two-hit" model for the study of preserved ejection fraction or fractional shortening with an impaired diastolic function, which is common in age-related obese and/or diabetic mice and in the clinical setting [30, 31] . Male FPR2 À/À mice developed age-associated obesity and reduced survival with signs of multiorgan nonresolving inflammation and cardiorenal syndrome during aging. After MI, splenocardiac resolution deficit was marked by the decrease in ALOX-5 expression and SPM reservoir in the infarcted LV with reduction of reparative macrophages and amplification of neutrophils. 
Cardiac aging and cardiorenal syndrome
The amplified expression of inflammation mediating enzymes (COX-2 and COX-1) in the LV from an early age in the naïve state is another novel and unusual finding of this study. COXs not only generate prostaglandins but also aggravate inflammation, potentially dysregulating the ECM and inducing the installment of interstitial fibrosis [32] . In line with previous observations, FPR2 impairs integrin signaling along with the dysregulation of ECM [33e35]. In a model of sepsis, FPR2 dysfunctional mice intensified distant organ damage, particularly in acute kidney injuries [36] . Age-related findings support the indication that dysfunctional FPR2 triggers kidney pathology, which is confirmed histologically by increased collagenous fibrotic remodeling. As noted in the atherosclerotic study, FPR2 dysfunction favors vascular remodeling with the activation of MMP-13 and lowered TIMP1 collagen deposition in the murine smooth muscle cells of atherosclerotic lesions [37] . Kidney fibrotic remodeling was confirmed with a high plasma creatinine level and an increase in specific kidney injury markers, which are suggestive of sustained chronic inflammation related to a cardiorenal syndrome. As revealed in our previous study, obesity superimposed on aging desensitized FPR2, resulting in defective splenocardiac and cardiorenal network signaling pathways that promote nonresolving inflammation [22, 34] . Thus, dysfunction of the FPR2 amplified the system-wide integrative cardiac pathology with intensified cardiorenal syndrome.
Splenocardiac resolution deficit and leukocyte phenotypes
Activated leukocyte expression of FPR2 serves as a resolution sensor for resolvins, lipoxins, and annexin A1. Recently, an additional role of FPR2 has been identified in the initiation of inflammation processes with the recruitment of chemotactic leukocytes ("get-in signal") and the regulation of the development of myeloid cells [16, 38] . Here, we added three novel points: first, in FPR2-deficient mice, the sensitivity of macrophages to proinflammatory stimuli (LPS) and agonist (RvD1) is impaired with a lack of initiation of inflammation and failed activation of reparative markers. Second, after exposure to E. coli, FPR2 À/À macrophages delayed the phagocytic response indicative of defective macrophage functions. Third, in line with the above Petri dish experiments, the FPR2 À/À mice reduced the splenocardiac biosynthesis of SPMs in the infarcted heart, which could be due to the defective macrophage function in FPR2 À/À mice [38] . Monocytes/macrophages are essential in early cardiac healing and repair when the balance between the splenic leukocyte release feedback and the feed-forward leukocyte-directed infarct clearance is maintained. After cardiac injury in FPR2 À/À mice, leukocyte-enriched LOXs were reduced, decreasing SPM biosynthesis in the infarcted heart post-MI. In models of abdominal aortic aneurysm, FPR2 À/À mice reduced ALOX-5, lowering the biosynthesis of SPMs in the infarcted heart [25] . Resolution sensor agonist RvD1 failed to activate macrophages, demonstrating impaired translocation in FPR2 À/À macrophages [15] . Our previous report suggests that exogenous RvD1 treatment activates FPR2 at the splenic and infarcted sites with feed-forward biosynthesis of MaR1 and lipoxins post-MI to facilitate the resolution of inflammation [15] . Macrophage dysfunction and lower SPMs prior to MI in FPR2 À/À mice could be a primary mechanism of splenocardiac resolution deficits after cardiac injury, because a clinical study demonstrated that spleen metabolic activity or splenectomy in humans defines the risk of future cardiovascular events and even mortality [26, 39] . After ischemic injury, neutrophils offer the first line of defense to limit inflammation; however, in mice without FPR2, this leads to an expansion of premature neutrophils (Ly6G þ ) in the spleen and LV, which is indicative of amplified collateral damage noticed in strokes, sepsis, and bacterial pneumonia [27, 36, 40] . In acute decompensated HF, splenic monocyteederived macrophages direct SPM biosynthesis, but the lack of FPR2 impaired the biosynthesis of SPMs in the spleen pre-MI and at infarcted sites post-MI, reducing the reparative macrophages (Ly6C low ) in the infarcted heart [24] . Comprehensive analyses of macrophage subpopulations indicated high levels of proinflammatory macrophages (F4/80 þ /Ly6C high ) in FPR2 À/À mice with lower reparative Ly6C low macrophages, which could be explained by the defective state of the splenic and peritoneal macrophages with impaired SPM biosynthesis. Dysfunction of FPR2 lowered LOXs and thereby the defective SPM biosynthesis that dysregulated the macrophage phenotype after cardiac injury, leading to a deficit in splenocardiac resolution in acute HF.
CONCLUSION
A lack of the resolution sensor FPR2 failed to initiate macrophage inflammatory and reparative responses in vitro and ex vivo. In vivo, FPR2 deletion induced cardiometabolic defects and cardiac dysfunction with reduced levels of SPMs in the infarcted heart and chronic inflammation in the cardiorenal network in aging. The dysregulation of LOXs and overactivation of COXs in the spleen and injured LV of FPR2 À/ À mice amplified the splenocardiac inflammationeresolution deficit with marked renal syndrome in aging. Thus, the presented results signify the integrative role of FPR2 as a primary target for managing cardiometabolic health, inflammationeresolution processes, and cardiorenal syndrome in aging.
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